The crystalline structure of TiO 2 coating is of significant importance for controlling its property and performance, such as photocatalytic activity. The aim of this study is to examine the phase formation mechanisms during high velocity oxy-fuel (HVOF) spraying of TiO 2 coating. TiO 2 coatings were deposited under different spray conditions using both anatase powder and rutile powder as feedstocks. The results showed that the anatase content in the coatings was increased with the increase of fuel gas flow when using the rutile powder as feedstock. A TiO 2 coating of anatase content up to 35% can be obtained by well-melted particles. The high content of anatase phase possibly resulted from rapid solidification and cooling process of the particles. The anatase content in the TiO 2 coating deposited with an anatase powder in partially melted state reached 55-65%. The coating deposited by well-melted anatase powder contained the same anatase content as that by rutile powder. A model was proposed to explain the phase formation within the coatings deposited through HVOF spraying.
Introduction
Titanium dioxide as a very important industrial material attracts much research attention owing to their promising applications to photocatalytical, electrical, optical and tribological coatings. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The performance of TiO 2 coating is influenced by its microstructures including crystalline structure. For example, the photocatalytic performance of TiO 2 coating is significantly influenced by its phase structure. It was reported that TiO 2 in anatase phase presents a higher photocatalytic activity than that in rutile phase. [7] [8] [9] [10] Therefore, the controlling of the crystalline structure of TiO 2 coating through processing conditions is of essential importance to control the property and performance of TiO 2 deposits.
TiO 2 coatings are deposited through many processes such as vapor deposition, sol-gel and thermal spraying. [1] [2] [3] [4] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Among these methods thermal spraying is characterized as a flexible and efficient process which has been widely used to deposit both metallic and nonmetallic coatings. TiO 2 coatings deposited through flame spraying and plasma spraying consist of rutile phase and a fraction of anatase phase. The anatase content in the coatings was around 10 to 15% with spray powder at a well melted condition. 17, 18) Moreover, the anatase content could not be effectively controlled through spraying parameters, and photocatalytic experiment results suggested that the coatings showed a limited activity. It is reported that the coating with high anatase content could be deposited through thermal spraying when TiO 2 powder in anatase phase was used as feedstock. 17, [19] [20] [21] Although the high anatase content in the coating is usually attributed to retention of the phase structure in the feedstock owing to limited heating condition of spray powder, the phase formation within the coating was not yet well understood. TiO 2 coatings were deposited under different HVOF spray conditions with two powders in pure anatase phase and rutile phase as feedstocks. The effect of heating condition of spray powder on the crystalline structure of TiO 2 coatings was examined to clarify the phase formation mechanisms during HVOF spraying of TiO 2 coating.
Materials and Experimental Procedures

Materials
Two TiO 2 powders, rutile powder and anatase powder, were used as the feedstocks for coating deposition. Figure 1 shows the surface morphologies of two powders. The rutile powder was a fuse-crushed powder with particle size range from 10 to 20 mm. The anatase powder in a particle size range from 10 to 45 mm was prepared through agglomerating 0.2 mm ultra-fine particles using polyvinyl alcohol as a binder. Stainless steel plate was employed as a substrate for coating deposition. Prior to spraying, the substrate was blasted with 24 mesh alumina grits.
Coating deposition
TiO 2 coatings were deposited with a HVOF system (CH-2000, Xi'an Jiaotong University), and the detailed description of this system can be found elsewhere. 22) Propane was used as a fuel gas. The flow of oxygen was set at 402 'Ámin À1 . Nitrogen was used as powder carrier gas. During spraying, the flow of propane was altered to modify the heating condition of spray powders. Stand-off distance was maintained at 130 mm. The spray gun was manipulated by a robot (Motoman) and traversed at a relative speed of 500 mmÁs À1 over the substrate.
Characterization of TiO 2 coating
The crystalline structure of the as-sprayed coating was characterized using X-ray diffraction (XRD) (Rigaku D/ max-2400) by Cu K radiation. The operating conditions were 40 kV and 100 mA. The goniometer was set at a scan speed of 5 Ámin À1 for 2. The topographic morphology of the coatings was examined by scanning electron microscopy (SEM) (Hitachi S2700).
Estimation of the anatase content in TiO 2 coating is usually based on the relative height of anatase (101) and rutile (110) peaks in XRD pattern. 23) Since XRD peaks are broadened when grain size is smaller than 300 nm, the estimation of the anatase content using relative height of XRD peaks in XRD pattern may result in an error when anatase and rutile phases in a sample have different grain sizes. Therefore, peak area was selected to estimate the anatase content in the TiO 2 coating using the following equation:
where C A is the anatase content in the deposit, and A R and A A the areas covered by the rutile (110) peak and the anatase (101) peak, respectively.
Results
3.1 Phase structure of HVOF sprayed TiO 2 coatings Figure 2 showed the XRD pattern of a typical TiO 2 coating sprayed at a fuel gas flow of 48 'Ámin À1 with rutile powder as feedstock. The XRD patterns of the anatase powder and the rutile powder were also shown in Fig. 2 for comparison. Evidently, the as-sprayed deposit was composed of anatase TiO 2 and rutile TiO 2 . It can be seen that both the anatase and rutile phases in the coating showed no significant preferential orientation, whereas preferential orientation often occurred in the coatings fabricated via flame spraying and plasma spraying. 17, 18, 20, 25) In addition, diffraction peaks from the substrate, -Fe and -Fe, were present in the XRD pattern owing to the limited thickness of the coatings.
3.2 Effect of fuel gas flow on the phase structure of TiO 2 coatings Figure 3 showed the XRD patterns of the coatings deposited under different fuel gas flows with rutile powder as feedstock. All coatings presented a binary phase structure. Figure 4 illustrates the effect of fuel gas flow on the anatase content in the coating. The anatase content was around 10% as the fuel gas flows are at 24 and 30 'Ámin À1 . The content of anatase phase was increased with the increase of fuel gas flow. A maximum content of 35% was obtained under a fuel gas flow of 48 'Ámin À1 . Figure 5 showed the XRD patterns of the coatings deposited under different fuel gas flows when anatase powder was utilized as feedstock. A quantitative estimation yielded much different anatase content for coatings deposited under different fuel gas flows, as shown in Fig. 6 . The coatings of anatase content up to 55-65% were obtained under fuel gas flows from 24 to 30 'Ámin À1 . The anatase content decreased to 25% with the increase of fuel gas flow from 30 to 42 'Ámin À1 . With a further increase of fuel gas flow to 48 'Ámin À1 , the anatase content of the coating reached 35%. When the fuel gas flow was at 48 'Ámin À1 , the coatings deposited with anatase powder presented the same anatase content as that by rutile powder.
4. Discussion 4.1 Phase formation during TiO 2 coating deposited with rutile powder Titanium dioxide crystallizes in three major structures: anatase (tetragonal), rutile (tetragonal), and brookite (rhombohedral). Rutile is a thermally stable phase, whereas anatase is metastable and transforms to rutile under annealing or calcination at a high temperature. It has been calculated that the surface energy of the most stable surface of anatase, i.e. (101) surface, is lower than that of the most stable one of rutile, i.e. (110) surface. 26) Therefore, rutile phase is more stable than anatase phase, and the phase transformation at solid state from rutile to anatase is irreversible. Moreover, because the energy difference between rutile phase and anatase phase is much limited, the temperature for the phase transformation from anatase to rutile reported by different investigators dropped into a wide temperature range from 450 to 1100
C. This is due to TiO 2 in anatase phase prepared at different conditions having different microstructures. In HVOF spraying, spray particles are heated by spraying flame during in-flight. The particles achieve a fully molten or partially molted state before impacting on a substrate depending on particle size and flame conditions. After particle at a high velocity impacts on a substrate, the liquid fraction of droplet spreads radially and solidifies under a high cooling rate over 10 6 KÁs À1 . Under such splat cooling condition, metastable phase is easily evolved, such asAl 2 O 3 rather than -Al 2 O 3 in the case of plasma sprayed alumina and amorphous phase in the case of HVOF sprayed WC-Co coating. [31] [32] [33] The present results clearly confirmed that metastable anatase phase was formed in TiO 2 coating when the rutile powder was used as feedstock. It is reasonable to consider that anatase phase in the coating results from rapid splat cooling process. However, the content of anatase TiO 2 , which is a favorite phase for photocatalytic application, is much limited in plasma-sprayed coating. On the other hand, it was found in this study that anatase crystalline up to about 35% can be formed in HVOF spraying. It can be considered that this high anatase content is related to the characteristics of HVOF process.
It can be found from literature 34, 35) that, as HVOF process was operated under given oxygen pressure and flow, the flame temperature will be increased with the increase in fuel gas flow under the present conditions. As a result, the melting condition of spray powder was improved with the increase of fuel gas flow. Figure 7 shows surface morphologies of the TiO 2 coatings deposited using rutile powder at different fuel gas flows. It can be found from Figs. 7(a) and 7(b) that splats with a relative smooth surface were formed at fuel gas flow of 24 'Ámin À1 . This fact suggests that the molten spray particles in HVOF under this condition flattened in a way similar to that in plasma spraying. Moreover, the splats in the coatings deposited at fuel gas flows of 36 and 48 'Ámin À1 presented a much rougher topographic morphology, which is more close to that observed in detonation gun sprayed coating rather than plasma sprayed coating. 32, 36) It was reported that flame velocity, consequently particle velocity, was increased with the increase of fuel gas flow under the present spraying condition.
35) The microscale rougher surface morphology similar to that of D-Gun ceramic coating suggests that spray particles at high fuel gas flow rate reached a high velocity comparable with D-Gun spraying. As a molten particle at a high velocity impacts on a substrate surface, high kinetic energy drives the particle to flatten to a thinner splat. As a result, a more rapid freezing and cooling were achieved, because the cooling rate in splat cooling is inversely proportional to splat thickness. 37) Taking into account the fact that the anatase phase resulted from the rapid quenching effect of molten fraction of spray particles, it is reasonable that more TiO 2 in anatase phase was formed at higher fuel gas flow. 4.2 Phase formation within the coating deposited with anatase powder As for the phase constitution of TiO 2 coating deposited by the anatase powder, it was found that the anatase content in the coating presented a different tendency from the case of rutile powder. Since the flame temperature is increased with the increase in fuel gas flow under the present conditions, 34, 35) the heating of particles is enhanced with the increase of fuel gas flow. Consequently, the melting condition of spray powder is improved. To estimate the melting condition of spray powder, the topographic morphology of the coating was examined by SEM. Figure 8 shows surface morphologies of the TiO 2 coatings deposited using the anatase powder at different fuel gas flows and that of anatase powder for comparison. It can be clearly seen from Fig. 8(a) that some well spread particles resulting from melted particles appeared in the coating sprayed at fuel gas flow of 24 'Ámin À1 . Moreover, a lot of ultrafine particles were present in the coating, which was more clearly observed from the SEM image at high magnification as shown in Fig. 8(b) . It can be found that the morphology of particles in Fig. 8(b) is similar to that of starting powder as shown in Fig. 1(b) . It can also be
(e) (f) Fig. 8 Topographic morphologies of the TiO 2 coatings deposited using anatase powder at different fuel gas flows:
recognized that the size of particles in two images was comparable. This fact indicates that the powder particle was in partially melted condition before impacting on the substrate. In the coating deposited at fuel gas flow of 36 'Ámin À1 , most particles had sizes ranging from about 0.5 to 2 mm. The size of the particles was larger than primary particle size of 0.2 mm as shown in Fig. 1(b). Figures 8(e) and 8(f) show surface morphologies of the coating deposited at fuel gas flow of 48 'Ámin À1 at two different magnifications. It can be recognized that the coating consisted of large particles with sizes from about 1 to 3 mm. Moreover, no surface with the morphology similar to starting powder as shown in Fig. 8(g ) was observed. These facts suggested that the particles were sufficiently melted at fuel gas flow of 48 'Ámin À1 . Therefore, it is evident that the melting degree of spray particles was improved with the increase of fuel gas flow.
Accordingly, the anatase phase in the coating deposited by spraying of the anatase powder was contributed by two parts. One part originated from the inclusion of those unmelted fraction of the feedstock, and the other part resulted from rapid quenching of melted fraction of the powder. Because the former decreased and the later increased with the increase of fuel gas flow, the change of the anatase phase content against fuel gas flow in HVOF TiO 2 coating can be schematically shown in Fig. 9 by solid line. With pure rutile powder, the anatase phase was only contributed by the quenching effect of melted fraction of spray particle as shown by the dashed line in Fig. 9 . At the highest fuel gas flow, as spray powder is completely melted, the contribution from the original crystalline structure is limited. As a result, the anatase content was the same despite the original structure of spray powder.
Phase evolution during HVOF deposition of TiO 2
coating The present result revealed that the anatase content in the coating resulted from melted fraction of spray particle increased with the increase of fuel gas flow. However, it reached to a maximum of about 35% at the highest fuel gas flow in the present study. Kreye et al. 31) investigated the crystalline structure of Al 2 O 3 coatings HVOF-sprayed using the powder with particle size from 5 to 25 mm. It was found that the coating was mainly consisted of metastable -Al 2 O 3 , while the starting powder was in stable -Al 2 O 3 crystalline structure. This fact means that HVOF oxide ceramic coating can be deposited by sufficiently molten particles. Taking into account the lower melting point of TiO 2 comparing with that of Al 2 O 3 and surface morphology indicating well spreading of deposited particle, it is reasonable to consider that the present TiO 2 coating deposited at high fuel gas flow was formed through well molten particles. The problem is why the other 60% TiO 2 was in rutile phase even though the coating was deposited by completely molten particles.
With regard to the phase evolution of TiO 2 during depositing by molten droplet, because it is clear that the anatase phase results from rapid splat quenching effect, the rutile phase is possibly formed by two mechanisms. One is the direct nucleation from liquid TiO 2 as rutile phase, and the other is the transformation from the formed anatase phase to rutile phase during cooling process after solidification because the transformation takes place at the temperature higher than 450 to 1100 C. 10, [27] [28] [29] [30] With regard to the transformation evolution of rutile TiO 2 , it can be considered that higher cooling rate during splat cooling will decrease the rutile TiO 2 content owing to a shorter time available for the phase transformation.
Under HVOF spraying conditions, the flame can reach to a velocity over 1500 m/s. 22) Accordingly, spray particles can be accelerated to a higher velocity in HVOF spraying process than that in conventional plasma spraying process. Compared with the particle velocity less than 300 mÁs À1 attained during plasma spraying, 38) a higher particle velocity from 600 to 1000 mÁs À1 can be achieved within HVOF flame. 39) The higher velocity leads to formation of a thinner splat compared with plasma spraying. Subsequently, a higher cooling rate for spread splat can be reached in HVOF compared with plasma spraying. This implies that more anatase phase evolved during splat cooling can be transformed to rutile phase and results in more limited anatase content. It was reported that a plasma sprayed TiO 2 coating generally contains about 10% anatase phase. 25) Moreover, it was also found that even in plasma spraying increasing cooling effect of substrate during deposition can raise the anatase content in TiO 2 coating. 17) Those facts may suggest the occurrence of transformation from anatase to rutile during deposition, although the contribution of two different mechanisms to the rutile content should be investigated further.
Conclusions
TiO 2 coatings were deposited under different spray conditions with both powders in pure anatase phase and pure rutile phase as feedstocks. The effect of HVOF spray conditions on the phase structure of TiO 2 coatings was investigated. The results showed that the fuel gas flow and spray powder type had a significant influence on the phase structure of the coating. The anatase content in the coating increased with the increase of fuel gas flow when using rutile powder as a feedstock. An anatase content up to 35% was Anatase Content (%)
Fuel Gas Flow
Coating using rutile powder Reservation of anatase phase Coating using anatase powder Phase Formation during High Velocity Oxy-Fuel Spraying of TiO 2 Coatingsachieved in HVOF TiO 2 coating compared with about 10% in plasma sprayed TiO 2 coating. When using anatase powder as feedstock, about 50-60% anatase phase in the powder can be retained into the coating by limited melting of spray powder. When the anatase powder was well melted during spraying at fuel gas flow of 48 'Ámin À1 , the coating presented the same anatase content of 35% as that for rutile powder. The anatase phase in the TiO 2 coating deposited by completely molten particle results from the quenching effect. On the other hand, the present results evidently suggested that the rutile phase in the coating may be contributed by both direct nucleation from the molten TiO 2 and transformation from the anatase phase during cooling process.
